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Description  of  Acquired  Equipment 

This  DURIP  grant  was  used  to  build  an  ultrafast  laser  system  for  the  temporal  and 
spectral  (2-D)  detection  of  fluorescence  on  the  picosecond  (ps)  time  scale.  The  system  we  refer 
to  as  the  sub-picosecond  (sub-ps)  laser  system  consists  of  a  Coherent/BMI  comet-400S  two-stage 
optical  parametric  amplifier  (OP A),  which  generates  visible  laser  pulses  from  475-710  nm  with 
pulse  energies  greater  than  20  jxJ  at  1  kHz.  The  OPA  is  pumped  by  a  Coherent/BMI  Alpha- 1000 
chirped  pulse  regenerative  amplifier,  which  in  turn  is  pumped  by  a  1  kHz  Nd:YLF  laser  and 
seeded  by  a  Coherent  Mira  femtosecond  (fs)  Ti:sapphire  oscillator.  The  oscillator  is  pumped  by  a 
5  W  Coherent  Verdi  solid  state,  frequency-doubled,  Nd: vanadate  laser.  The  modular  design 
allows  access  to  the  low  power  (nanojoules/pulse)  oscillator  pulses  at  76  MHz  as  well  as  the 
more  powerful  (near-millijoule/pulse)  output  from  the  regenerative  amplifier  (800  nm,  1  kHz). 
Pulses  from  the  regenerative  amplifier  are  frequency  doubled  to  give  short  pulses  at  400  nm.  UV 
pulses  are  routinely  generated  from  the  OPA  output  to  make  the  effective  range  for  excitation 
from  less  than  240  nm  to  more  than  800  nm.  The  pulses  from  the  regenerative  amplifier  can  be 
characterized  in  real  time  by  a  Positive  Light  SSA  single  shot  autocorrelator.  The  pulses  from  the 
regenerative  amplifier  have  been  measured  to  be  -150  fs  in  duration. 

Fluorescence  lifetimes  in  the  ps  domain  are  measured  on  a  Hamamatsu  C4334  Streak 
Scope  streak  camera  system.  This  system  allows  for  measurement  of  lifetimes  with  a  resolution 
of  -30  ps  in  a  time  window  up  to  1  ms  limited  by  the  laser  repetition  rate.  The  streak  camera  is 
capable  of  measuring  the  rise  and  decay  of  fluorescence  at  every  wavelength  in  a  100  nm 
window  simultaneously,  allowing  direct  comparison  of  the  kinetics  of  different  spectral  features. 

Transient  absorption  spectroscopy  is  performed  by  exciting  the  sample  with  any  available 
wavelength  from  the  UV  or  visible  (the  “pump”)  and  probing  with  white  light  continuum 
generated  by  focusing  a  small  portion  of  the  output  of  the  regenerative  amplifier  onto  a  sapphire 
crystal  (the  “probe”).  The  pump  pulse  is  optically  delayed  relative  to  the  probe  pulse  using  an 
Aerotech  BM-250,  1.6  meter  delay  stage.  The  probe  pulse  passes  through  the  sample  into  a 
SPEX  Triax  320  spectrometer  and  is  detected  with  an  Andor  DU  420-BU  CCD  camera 
thermoelectrically  cooled  to  less  than  -65  °C.  The  delay  stage,  shutters  (Uniblitz  D122  from 
Vincent  Associates),  spectrometer,  and  CCD  camera  are  controlled  from  software  written  in 
BASIC  (Andor  Technologies)  and  LabView  from  National  Instruments.  This  system  has  allowed 
measurements  with  resolution  as  low  as  10'3  AOD.  Software  has  been  written  in  LabView  to 
measure  the  kinetics  of  transient  spectral  features  at  fixed  wavelengths  using  the  delay  stage,  a 
synchronized  optical  chopper  (MC-1000  from  ThorLabs),  amplified  photodiodes  (PDA-55  from 
ThorLabs),  and  a  Stanford  SR830  DSP  lock-in  amplifier.  This  system  will  complement  the 
transient  absorption  spectra  with  data  that  can  be  fit  to  determine  the  rates  of  formation  and 
decay  of  transient  states.  Spectral  features  can  be  detected  with  a  time  resolution  of  <200  fs 
(limited  by  the  pulse  width  of  the  laser)  to  10  nanoseconds  (ns)  (limited  by  the  length  of  the 
delay  stage). 
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The  MRI  laser  equipment  is  housed  in  newly  renovated  1,500  ft2  lab  in  Building  2  at  the 
Institute.  The  project  team  of  Imai/Keller  (architects),  Shooshanian  (engineering)  and  Kennedy 
&  Rossi  (project  managers)  carried  out  the  renovation  of  the  laboratory  shown  above.  The  space 
is  isolated  from  the  common  hallway  by  a  positively  pressured  vestibule,  which  features  enough 
space  and  storage  for  changing  or  covering  shoes  with  disposable  oversheaths.  The  laser  space  is 
a  near  clean  room  environment  with  room  air  continuously  circulating  through  HEPA  filters.  A 
small  room  is  adjacent  to  the  laser  space  to  provide  students  a  workspace  while  performing  time¬ 
intensive  experiments. 

The  construction  of  the  instrumentation  has  occupied  the  full-time  efforts  of  two 
postdoctoral  students  and  one  graduate  student  over  the  past  year.  Dr.  Scott  Carpenter  received 
his  Ph.D.  from  Brown  in  Physics.  He  is  an  expert  laser  spectroscopist  and  has  assumed  the 
primary  responsibility  for  overseeing  (1)  the  architectural  design  and  construction  of  the  new 
laser  lab  and  (2)  the  construction  of  laser  systems.  Dr.  Scott  Miller,  a  Ph.D.  from  Northwestern 
University,  has  recently  assisted  Carpenter  in  all  aspects  of  the  program.  Miller  earned  his  degree 
in  Chemistry,  working  under  the  direction  of  Mike  Wasielewski.  He  too  is  an  accomplished  laser 
spectroscopist  and  over  the  past  six  months  has  considerably  facilitated  bringing  the  two  laser 
systems  on-line.  Finally,  Christina  Rudzinki  is  in  the  third  year  of  her  Ph.D.  studies  in  the  Pi’s 
labs  at  MIT.  She  was  responsible  for  designing  and  implementing  streak  camera  measurements 
in  the  ps  time  domain. 


List  of  Equipment,  Manufacturer  and  Associated  Costs 


Equipment  Item 

Manufacturer 

Cost 

Laser  system 

Alpha- 1000  regenerative  amplifier 
Comet  440S  OPA 

Coherent/BMI 

$67,000 

Verdi  CW  Nd:YAG  pump  laser 

Coherent 

$44,100 

CCD  camera 

Andor 

$22,600 

Xenon  arc  lamp 

OrielS 

15,000 

Optical  tables  for  laser  system 

TMC,  Inc 

$13,700 

Computer-controlled  delay  stage 

Aerotech 

$11,700 

Spectrometer 

Instruments,  SA 

$11,000 

Optics,  hardware,  electronics,  overhead 

(various) 

New  Focus 

ThorLabs 

Newport 

Instruments,  SA 

Keithley 

Inrad 

Vincent  Associates 

$23,900 

Description  of  Special  Circumstances 

In  some  instances,  the  equipment  requested  differed  from  that  actually  purchased.  Just 
after  the  DURIP  was  awarded,  we  upgraded  our  picosecond  lifetime  measurement  system  from 
TCPC  detection  to  streak  camera  detection  with  OPA  excitation.  This  upgrade  helped  our 
picosecond  emission  detection  system  with  respect  to  AFOSR/DURIP  research  objectives  in  two 
important  ways. 

First,  replacing  the  Ti:sapphire  only  based  system  with  an  OPA  has  extended  the  range 
and  filled  gaps  in  our  available  excitation  pulses  from  the  UV  <240  to  the  IR  ~  800  nm.  The 
amplified  system  also  allows  for  much  higher  energy  pulses  which  will  allow  the  study  of  two 
photon  effects  which  are  important  for  several  of  our  studies. 

Second,  the  Hamamatsu  streak  camera  allows  for  multidimensional  simultaneous 
detection  of  photons,  which  makes  fluorescent  lifetime  experiments  easy  at  the  lower  repetition 
rate  of  1kHz.  A  drawback  to  TCPC  noted  in  the  original  proposal  is  the  possibility  of  multiple 
photons  reaching  the  detector  at  the  same  time,  skewing  the  kinetic  trace.  With  the  streak  camera 
system  photons  of  different  wavelengths  can  arrive  at  different  times  and  photons  of  different 
times  can  arrive  at  different  wavelengths  without  adversely  affecting  the  count  rate  of  the 


system.  Because  our  system  operates  at  1kHz  it  is  possible  to  look  at  lifetimes  as  long  as  1ms  as 
opposed  to  the  100ns  limit  proposed  in  the  original  TCPC  setup.  The  2D  detection  of  the  streak 
system  allows  for  photon  counting  for  a  lOOnm  spectrum  from  Ins  to  1ms  windows  in  a  few 
minutes,  whereas  the  proposed  TCPC  system  would  have  taken  much  longer  for  data  acquisition 
due  to  the  requirement  of  scanning  one  wavelength  at  a  time. 

Research  Summary  for  which  Equipment  was  Used 

The  work  performed  on  the  DURIP  instrumentation  seeks  (1)  to  define  the  fundamental 
photophysical  mechanisms  governing  luminescence  in  molecules,  supramolecule  and  materials; 
and  (2)  to  use  this  information  to  develop  new  methods  and  techniques  that  address  chemical  and 
physical  sensing  needs  of  the  United  States  Air  Force.  A  summary  of  the  major  findings  of  this 
research  using  the  DURIP  instrumentation. 

Chemosensing 

Our  chemosensing  efforts  have  revolved  around  the  detection  of  the  chemical  signatures 
of  jet  fuels  for  field  monitoring  and  environmental  remediation  at  United  States  Air  Force  bases 
and  storage  facilities.  The  fuel  standard  for  the  Air  Force  is  JP4/8,  which  has  appreciable  mono- 
and  bicyclic  aromatic  hydrocarbon  content.  Prior  to  our  work,  most  optical  detection  methods  of 
aromatics  and  polyaromatics  relied  on  measuring  the  fluorescence  of  these  constituents  by  direct 
excitation  and  detection.  Practically,  direct  laser-induced  fluorescence  approaches  are 
problematic  because  the  blue  fluorescence  of  the  analyte  must  be  deconvoluted  from  the  blue 
fluorescence  of  other  organic  interferents.  An  alternative  transduction  scheme  relies  on  the 
displacement  of  fluorophores  from  DNA  by  large  polycyclic  aromatic  hydrocarbons.  But  the  low 
affinity  of  small  cyclic  aromatics  for  DNA  has  prevented  their  detection  by  this  method. 

Our  approach  to  detect  aromatic  hydrocarbons  was  based  on  designing  a  chemosensor 
that  operated  by  the  “3R  scheme”-  recognize,  relay  and  report  -  shown  in  Figure  1  [3. 1.4.1].  A 
non-covalent  molecular  recognition  event  at  the  receptor  site  is  communicated,  by  physical  or 
chemical  means,  to  a  reporter  site,  which  produces  a  measurable  signal.  A  rapid  equilibrium 
between  the  analyte  and  receptor  site  affords  the 
chemosensor  a  real-time  response  that  varies 
with  the  concentration  of  analyte. 

In  our  design  of  Figure  1,  we  sought 
chemosensors  that  would  operate  in  an  aqueous 
environment.  Accordingly,  we  chose  the 
miniature  bucket  of  a  cyclodextrin  (CD)  as  the 
receptor  site.  Hydroxyl  groups  of  the  D-glucose 
subunits  composing  the  CD  impart  water 
solubility  to  the  bucket  whereas  the 
hydrocarbon  rings  of  the  D-glucose  subunits 
define  a  hydrophobic  interior  suitable  for 


Figure  1.  The  3R  scheme  used  for  chemosensor 
development.  A  =  aromatic  analyte. 


binding  guests.  Thus  a  CD  bucket  will  dissolve  in  water  but  will  fill  itself  with  aromatic  guests. 
Binding  selectivity  (and  therefore  selectivity  in  chemosensor  function)  for  mono-  and  bicyclic 
aromatics  is  conveniently  achieved  with  the  cavity  size  of  the  bucket.  [3-CD  (7  D-glucose  rings 
composing  the  bucket)  will  bind  BTEXs  (benzene,  toluene,  ethylbenzene,  xylene)  and  bicyclic 
aromatics  (e.g.,  naphthalene,  biphenyl)  but  not  larger  polyaromatics.  Because  we  were  interested 
in  total  aromatic  content,  |}-CD  proved  to  be  the  ideal  receptor  site  for  our  targeted  chemosensing 
application. 

The  creation  of  a  chemosensor  required  us  to  modify  the  P-CD  receptor  site  for  signal 
generation.  In  our  construct,  the  hydroxyl  functionality  at  the  rim  of  the  bucket  offered  sites  to 
attach  a  discrete  reporter  site.  Here,  our  requirement  for  signal  transduction  was  a  luminescent 
optical  signal  owing  to  its  sensitivity  and  ease  of  implementation.  With  regard  to  the  3R  scheme 
of  Figure  1,  luminescence-based  signaling  offers  another  significant  advantage.  A  sound 
knowledge  of  the  photophysical  properties  that  govern  a  particular  luminescence  event  enabled 
us  to  facilely  tailor  the  signal  transduction  mechanism. 

The  final  requirement  we  imposed  on  our  chemosensor  design  was  that  a  luminescence 
signal  be  triggered  upon  recognition  of  the  analyte  in  the  CD  bucket.  This  is  in  contrast  to  typical 
luminescence  signal  transduction  schemes,  which  generally  rely  on  the  detection  of  a  quenched 
luminescence  signal.  Although  easy  to  implement,  quenching-based  schemes  are  intrinsically 
limited.  Electronic  excited  states  are  not  very  discriminating  and  are  susceptible  to  any  number 
of  quenching  processes,  causing  quenching-based  chemosensors  to  be  prone  to  interferents. 
Additionally,  a  detection  signal  produced  by  quenching  complicates  chemosensor  design  because 
the  decrease  in  luminescence  intensity  must  be  measured  against  a  bright  background.  As  we 
have  stressed,  the  drawbacks  of  quenching-based  detection  are  overcome  when  an  analyte 
triggers  a  luminescence  signal  relative  to  a  dark  background.  Thus  we  sought  to  build  a 
chemosensor  that  produced  a  luminescence  signal  when  the  CD  bucket  was  filled  with  an 
aromatic  hydrocarbon. 

An  extensive  study  [3.1. 4.2  and  3. 1.4.3]  allowed  us  to  meet  the  above  design  criteria  and 
led  to  the  creation  of  1 .  A  diethylenetriaminepentaacetic  acid  (DTP A)  macrocycle  was  tethered 
via  both  of  its  nitrogens  to  the  primary  rim  of  the  CD,  allowing  for  a  Tb3+  ion  to  be  cradled 
below  the  bucket.  In  previous  sensor  constructs,  the  presence  of  cationic  charge  at  the  bottom  of 
the  CD  undermined  the  hydrophobicity  of  the  receptor  site  and  decreased  association  of 
hydrophobic  aromatics  to  the  CD  bucket  was  observed.  This  diminished  association  of  aromatics 

to  the  CD  limited  the  overall  optical  response  from  the  chemosensor.  With 
the  charge  of  the  +3  charge  of  the  ion  reporter  site  neutralized  by  the  -3 
charge  of  the  DTPA  strap,  aromatics  enter  the  CD  bucket  of  1  with  high 
association  constants. 

Faithful  to  our  intended  goals,  a  bright  green  luminescence  is 
triggered  upon  the  introduction  of  aromatic  hydrocarbons  to  aqueous 
solutions  of  1.  The  signal  intensity  increases  monotonically  with  the 
concentration  of  aromatic  hydrocarbon,  reaching  an  asymptotic  limit  that 


was  specific  to  the  analyte.  For  instance,  a  10%  intensity  enhancement  was  observed  for  200 
ppm  of  benzene  as  compared  to  ~4000%  intensity  enhancement  for  10  ppm  of  biphenyl.  The 
differing  sensitivities  of  1  to  aromatics  directly  related  to  the  stability  constant  of  the  1 ‘aromatic 
complex  and  the  absorption  cross-section  of  the  aromatic.  The  presence  of  an  absorption-energy 
transfer-emission  (AETE)  relay  mechanism  was  established  by  examining  the  emission 
characteristics  of  the  assembly  as  excitation  wavelength  of  light  is  scanned.  The  intensity  of  the 
green  luminescence  from  Tb3+  ion  tracked  the  absorption  profile  of  the  aromatic  and  not  that  of 
the  ion.  This  result  unequivocally  established  that  excitation  of  the  Tb3+  ion  emission  was  excited 
by  light  passing  through  the  aromatic  analyte. 

The  DURIP  instrumentation  was  used  to  thoroughly  investigate  the  AETE  relay 
mechanism  by  using  time-resolved  spectroscopy  [3. 1.4.4],  The  excitation  energy  captured  by 
biphenyl  included  in  1  was  observed  to  appear  at  the  5D4  state  of  Tb3+  in  12  fis.  The  green 
luminescence  of  the  Tb3+  ion  subsequently  decayed  with  a  lifetime  of  1 .6  ms.  Further  insight  into 
the  photophysics  of  the  relay  mechanism  was  provided  by  replacing  Tb3+  of  1  with  Gd3+  (which 
we  designate  as  l(Gd3+)).  Because  Gd3+  excited  states  are  too  high  in  energy,  the  l(Gd3+) 
complex  provided  a  reference  for  the  supramolecule  photophysics  in  the  absence  of  energy 
transfer  to  the  lanthanide  (Ln3+)  ion.  A  comparison  of  the  luminescence  decay  kinetics  for 
biphenyl  associated  to  l(Tb3+)  and  l(Gd3+)  lead  to  the  appropriate  description  of  the 
photophysics.  The  AETE  process  is  initiated  by  the  absorption  of  an  incident  photon  to  produce 
the  *7171*  excited  state  of  biphenyl.  The  lanthanide  facilitates  intersystem  crossing  to  the  triplet 
from  which  energy  transfer  occurs  to  produce  the  5D4  excited  state  of  the  Tb3+  ion.  Negligible 
spectral  overlap  precludes  energy  transfer  by  a  Forster  mechanism. 
Calculations  based  on  the  prevailing  Dexter  mechanism  yield  a 
donor(biphenyl)-acceptor(Tb3+)  distance  of  ~5  A.  This  result  is  consistent 
with  the  distance  measured  from  energy  minimized  molecular  models  of  the 
l(Tb3+)‘biphenyl  complex.  To  further  establish  the  role  of  Dexter  energy 
transfer,  our  recent  preparation  of  2  has  allowed  us  to  systematically  increase 
the  distance  between  the  analyte  and  Tb3+  reporter  site  [3. 1.4. 5].  A  Dexter 
treatment  of  time-resolved  energy  transfer  kinetics  data  predicts  the  donor- 
acceptor  distance  in  2  to  increase  by  ~2  A,  a  distance  that  is  in  agreement 
with  distance  measurements  made  from  energy  minimized  molecular 
modeling  calculations. 

A  further  goal  of  our  chemosensing  research  was  to  integrate  optical  supramolecular 
chemosensors  such  as  1  onto  microfluidic  platforms.  Microfluidic  networks  (pFNs)  hold  promise 
for  advanced  sensing  technologies.  Collection,  separation,  transport,  processing  and  analysis  of 
liquids  and  aerosols  can  all  now  be  carried  out  on  lithographically  patterned  structures  to  allow 
sensing  to  be  performed  on  a  chip.  This  miniaturization  offered  by  microfluidic  (|iF)  devices 
translates  into  rapid  sampling  and  measurement  times  on  microliter  samples  as  well  as 
convenient  packaging  for  a  variety  of  field  applications. 


Generating  sensing  functionality 
requires  the  successful  immobilization 
of  an  optical  chemosensor  on  patterned 
substrates  that  are  compatible  with 
lithographic  patterning  protocols. 

Accordingly,  a  second  major  thrust  of 
our  work  in  chemosensing  was  to 
develop  methods  to  permit  the 
attachment  of  the  CD  chemosensor  onto 
host  matrices.  This  allowed  us  to  build 
the  fabricated  chip  with  the  serpentine 
channel  shown  in  Figure  2.  Using  the 
DURIP  instrumentation,  we  have  shown 
that  the  signal  transduction  mechanisms 
specific  to  our  optical  supramolecular  approach  is  preserved  under  juF  flow  conditions.  This 
work  represents  a  first  step  toward  the  creation  of  a  “wristwatch”  sensor. 

Pressure  Sensing  at  Aerodynamic  Surfaces 

Beyond  the  chemical  environment,  the  Air  Force  faces  challenges  in  sensing  many 
different  types  of  physical  phenomena.  The  measurement  of  surface  pressures  in  aerodynamics 
testing  is  especially  prominent  in  Air  Force  efforts  to  design  high  performance  aircraft.  Most 
surface  pressure  measurements  rely  on  taps  and  transducers.  These  longstanding  and 
conventional  methods,  however,  are  inadequate  for  many  applications  because  they  are  single 
point  measurements  that  can  be  time  consuming  and  expensive.  In  recent  years,  Pressure 
sensitive  paints  (PSPs)  have  been  developed  that  allow  direct  measurement  of  continuous 
pressure  fields  over  large  surfaces.  The  basic  idea  of  the  PSP  approach  is  to  incorporate  oxygen 
quenchable  lumophores  in  air  permeable  matrices,  which  may  be  “painted”  onto  a  surface  of 
interest.  Under  static  conditions,  a  baseline  luminescence  is  observed  from  the  painted  surface  - 
this  glowing  image  may  be  optically  captured,  thereby  establishing  a  reference  calibration  map. 
Under  flow  conditions,  air  is  brought  to  the  surface  of  the  paint  and  the  equilibrium 
concentration  of  oxygen  permeating  the  matrix  will  vary  with  pressure.  Because  the  long-lived 
phosphorescence  is  quenched  by  oxygen,  the  intensity  of  the  luminescence  is  attenuated  as  the 
concentration  of  the  oxygen  within  the  matrix,  and  correspondingly  the  pressure  of  air  at  the 
surface  of  the  matrix,  is  increased. 

Current  PSP  measurements  rely  on  emission  from  Pt11  porphyrin  and  Ru"  polypyridyl 
lumophores.  The  prominence  of  these  lumophores  as  probes  for  PSPs  is  largely  historical, 
building  on  initial  developments  in  the  field.  From  the  perspective  of  excited  state  design,  they 
are  not,  however,  optimal  lumophores  for  many  pressure  measurements,  especially  for  those  of 
current  interest  to  the  Air  Force.  Both  types  of  excited  states  decay  by  phonon  coupling  to  high- 
energy  stretching  vibrations  (~1,500  cm-1)  associated  with  the  organic  framework  of  the  ligand 
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Figure  2.  Serpentine  channel  of  a  microfluidic  optical 
chemosensor  that  we  plan  to  construct. 


(C=C  and  C=N  vibrations).  Within  the  context  of  nonradiative  decay  theory,  these  high-energy 
vibrations  provide  an  effective  thermal  sink  for  nonradiative  decay  over  the  critical  temperature 
range  of  20-100  °C.  Consequently,  the  accuracy  of  pressure  intensity  maps  is  compromised 
because  large  variations  in  the  intensity  arise  from  temperature  fluctuations  during  the  pressure 
measurement.  For  this  reason,  temperature  calibrations  of  the  PSPs  commonly  require  separate 
wind  tunnel  runs. 

Owing  to  the  enormous  expense  of  running  wind  tunnel  facilities,  the  Experimental 
Operations  and  Diagnostics  Branch  of  the  Aeromechanics  Division  of  the  Flight  Dynamics 
Directorate  at  Wright  Patterson  AFB  was  interested  in  eliminating  temperature  calibration  runs 
in  its  subsonic  wind  tunnel  facility.  In  response  to  this  Air  Force  need,  we  set  out  to  develop  a 
luminescence  “thermometer”  that  could  be  incorporated  into  PSPs  currently  used  by  the  Air 
Force.  The  search  for  an  adequate  PSP  “thermometer”  was  performed  under  the  following 
constraints: 

•  The  temperature  probes  had  to  be  incorporated  into  PSP  binders  with  the  same  preparative 
conditions  used  to  formulate  the  paint. 

•  The  luminescence  from  the  temperature  probe  had  to  exhibit  a  negligible  dependence  on 
oxygen  concentration  (i.e.,  no  C>2-based  quenching)  such  that  the  only  change  in 
luminescence  was  due  to  temperature. 

•  The  temperature  probes  had  to  be  excited  at  the  same  frequency  as  the  pressure  probes.  In  the 
subsonic  wind  tunnel  facility  at  WFAFB,  440-480  nm  diode  lasers  used  to  excite  PSPs. 

•  Though  excitation  wavelengths  of  pressure  and  temperature  probes  had  to  be  co-incident,  the 
luminescence  signature  of  temperature  probe  must  be  to  longer  wavelength  (A^ax  >  600  nm) 
than  that  used  to  map  pressure. 

•  A  change  of  1%  in  luminescence  intensity  per  °C  over  5-40  °C  was  the  ideal  target  response 
desired  for  a  thermometer. 

To  briefly  summarize  the  results  of  an  intense  research  effort,  several  different  classes  of 
luminescent  compounds  and  materials  were  examined  as  PSP  thermometers.  These  included 
acetylacetonate  (acac)  complexes  (acac,  phenyl,  p-nitrophenyl,  and  FOD)  of  lanthanide  ions 
(Ln3+  =  Eu3+,  Tb3+,  Dy3+),  Zn2+  diphenyl  phenanthroline  complexes,  laser  dye  impregnated  silica 
spheres  and  nanocrystalline  quantum  dots  (QDs).  In  this  exhaustive  study  of  potential 
temperature  tracers,  we  discovered  that  CdSe  QDs  met  all  the  above  criteria  [3. 1.4. 6],  Owing  to 
the  page  constraints  of  this  proposal,  we  only  present  details  of  the  QD  work. 

Semiconducting  nanocrystallites  offer  a  new  type  of  nanometer  size  building  block  for 
creating  novel  luminescence-based  diagnostics.  As  a  result  of  the  quantum  size  effect,  their 
electronic  states  are  discrete  and  tunable  with  the  size  of  the  crystallite  (particle-in-a-box).  There 
are  now  a  number  of  approaches  to  making  nanometer  size  “boxes”  of  semiconductors.  CdSe 
QDs  have  been  synthesized  with  size  distributions  smaller  than  4%.  These  nanocrystallites  yield 
a  narrow  fluorescence  band,  which  can  be  arbitrarily  tuned  to  any  color  in  the  visible,  depending 


on  the  size  of  the  particle.  The 
CdSe  core  is  typically 
“overcoated”  with  a  ZnS  overlayer, 
which  serves  to  increase  the 
fluorescence  quantum  yield.  The 
overcoat  has  evolved  to  include  a 
second  capping  layer  consisting  of 
mercapto  or  phosphite  alcohols. 

This  final  overcoat  layer  may  be 
altered  to  control  the  solubility  of 
the  QDs  in  polar  and  non-polar 
solvents,  polymers,  and  films, 
including  PSP  binders.  We  settled  on  the  CdSe  nanocrystallites  (depicted  in  Figure  3)  possessing 
a  3-4  monolayer  ZnS  overcoat  and  a  phosphite  alcohol  passivating  layer,  which  afforded  good 
solubility  in  the  solvents  used  to  prepare  PSP  binders. 

The  CdSe  nanocrystals  are  attractive  candidates  as  temperature  probes  for  PSPs  because: 
(1)  Near-Gaussian  emission  bands  possessing  narrow  widths  (FWHM  =  30  nm)  may  be 
produced  across  the  full  range  of  the  visible  spectrum  (400  nm  (15  A  nanocrystals)  -  700  (100  A 
nanocrystals)).  (2)  The  photoluminescence  quantum  yield  is  high  (up  to  50%  at  room 
temperature).  (3)  Oxygen  cannot  diffuse  through  the  solid  core  of  the  QD,  and  therefore  the 
emission  is  insensitive  to  oxygen.  (4)  And  the  QDs  possess  a  very  broad  and  featureless 
absorption  profile  with  an  extinction  coefficient  that  is  essentially  invariant  from  300  to  480  nm 
[Error!  Bookmark  not  defined.]-,  accordingly,  the  bright  QD  emission  may  be  achieved  with 
excitation  wavelengths  that  are  co-incident  with  PSP  excitation. 

The  DURIP  instrumentation  was  used  to  fully  characterize  the  photophysical  properties 

of  QDs  with  respect  to  PSP  applications. 
Figure  4  shows  the  temperature 
dependence  of  the  emission  band  for  solid 
films  of  the  phosphite-capped  60-A  CdSe 
QDs.  Spectra  were  recorded  at  intervals 
throughout  the  temperature  range  of  5-40 
°C.  The  results  are  spectacular.  The  linear 
change  in  emission  intensity  of  1.5%  per 
°C  throughout  the  entire  35  °C  range  far 
exceeded  Air  Force  design  specifications. 
The  exceptional  photostability  of  the  QDs 
and  the  reversibility  of  the  luminescence 
change  with  temperature  is  in  evidence 
from  the  almost  perfect  superposition  of 
the  25  °C-emission  bands  of  Figure  4 
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Figure  4.  The  temperature  dependence  of  the 
emission  profile  of  CdSe  QDs  over  a  5-40  °C  range. 
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Figure  3.  QDs  used  in  PSP  studies. 


recorded  at  the  beginning,  middle,  and  end  of  the  experiment.  As  expected,  the  QDs  showed 
absolutely  no  dependence  on  oxygen  concentration.  Numerous  studies  were  undertaken  to  assess 
the  generality  of  these  observations.  We  found  that:  (1)  The  temperature  dependence  was 
independent  of  QD  size,  allowing  us  to  settle  on  a  QD  temperature  probe  that  exhibited  emission 
(^em.max  =  600-660  nm)  well  red  of  the  PSP  emission  of  Ru"  polypyridines  and  Pt"  porphyrins. 
(2)  The  QD  emission  properties  were  independent  of  the  excitation  wavelength  (consistent  with 
the  QD  absorption  spectrum,  which  is  a  broad  and  intense,  extending  from  the  band-edge  into  the 
near  UV  region).  This  result  enabled  us  to  use  the  output  wavelength  of  the  460-nm  diode  lasers 
for  pressure  and  temperature  measurements.  (3)  The  appearance  of  reproducible  temperature 
dependent  photoluminescence  from  QDs  in  organic  and  inorganic  matrices,  as  solids  and  in 
solution  indicated  that  the  effect  is  related  to  an  internal  solid-state  process  of  the  QD  rather  than, 
for  example,  a  dynamical  surface  chemical  processes.  (4)  The  temperature-dependent 
photoluminescence  response  was  the  same  for  QDs  of  low  (20%)  and  high  (50%)  emission 
quantum  efficiencies.  This  result  showed  us  that  the  temperature  dependence  of  the  QDs  was 
reliable  and  did  not  fluctuate  for  different  sample  preparations. 

With  these  results  in  hand,  the  QDs  were  directly  passed  from  the  laboratory  bench  to  the 
Arnold  and  Wright  Labs  Directorates  for  testing  and  evaluation.  This  transition  was  made 
possible  by  an  STTR  involving  Innovative  Scientific  Solutions,  Inc.  (ISSI),  a  sub-contractor  to 
the  Air  Force.  All  expectations  of  the  QDs  as  temperature  probes  were  confirmed  at  Air  Force 
facilities  in  6.2  tests  carried  out  by  ISSI.  It  is  expected  that  the  QD  paints  will  be  commercialized 
in  6.3  ventures  at  Arnold  and  Wright  Patterson  AFB  over  the  next  two  years.  Contact  people  and 
mechanisms  are  already  in  place  with  Air  Force  Lab  directorates.  The  users  of  the  self¬ 
calibrating  PSPs  will  be  the  Engineering  Development  Center  of  Arnold  AFB,  the  Experimental 
Operations  and  Diagnostics  Branch  of  the  Aeromechanics  Division  of  the  Flight  Dynamics 
Directorate  (WL/FIMO),  and  the  Test  and  Evaluation  Branch  of  the  Turbine  Engine  Division  and 
Propulsion  and  Fuel  Combustions  Branch  of  the  Fuels  and  Lubrication  Division  of  the  Aero 
Propulsion  and  Power  Directorate  (WL/POTX  and  WL/POSF,  respectively). 

Many  other  pressure-sensing  needs  of  the  Air  Force  extend  beyond  current  PSP 
capabilities.  One  vital  area  of  interest  to  the  Air  Force  is  to  obtain  pressure  maps  within  jet 
engines  where  performance  is  critically  dependent  on  the  pressure  field  at  the  surfaces  of  the 
compressor  and  turbine  blades.  While  several  Directorates  at  Air  Force  labs  have  prioritized 
pressure  measurements  within  the  compressor  and  turbine  stages,  there  is  no  PSP  that  is  stable  at 
the  requisite  high  temperatures  (800  -  1000  °C). 

Can  a  high  temperature  PSP  be  prepared?  We  believe  so.  We  are  relying  on  the  stability 
of  all-inorganic  complexes  of  the  hexanuclear  cluster  ions,  MogXgLg  and  Re6QgL6  (X  =  halide;  Q 
=  S,  Se;  L  =  donor  ligand).  The  structures  of  these  clusters  consist  of  an  octahedral  metal  core 
coordinated  by  eight-face  bridging  X  or  Q  ligands  and  six  axial  L  donor  ligands.  The  clusters 
exhibit  exceptional  thermal  stabilities,  as  they  are  prepared  from  high  temperature  liquid  melts 
(600-800  °C).  Both  hexanuclear  molybdenum  and  rhenium  clusters  emit  with  appreciable 
quantum  efficiencies,  though  the  emission  wavelength  of  the  molybdenum  clusters  is  in  the  near- 


IR  spectral  region  and  consequently  difficult  to  measure  with  most  conventional  detectors  used 
in  wind  tunnels.  For  this  reason,  efforts  were  shifted  to  investigating  the  photophysics  of  the 
rhenium  clusters  with  the  DURIP  instrumentation. 

Excitation  of  the  ligand-to-metal  charge  transfer  (LMCT)  transition,  which  dominates  the 
absorption  spectra  of  [RC(sQ8]2+  clusters  in  the  2 1 0-500  nm  region  elicits  a  broad,  structureless 
and  intense  emission  extending  from  ~600-1000  nm.  The  room  temperature  (298  K) 
luminescence  data  listed  for  selected  compounds  in  Table  1  show  that  some  of  the  clusters  are 
intensely  luminescent  in  the  red  spectral  region  with  quantum  yields  as  high  as  20%.  This  intense 
luminescence  is  efficiently  quenched  by  oxygen  according  to  the  same  mechanism  that  we  have 
defined  for  the  molybdenum  clusters  [3. 1.4.7  and  3. 1.4. 8],  This  result  sets  the  stage  for  the 
development  of  the  rhenium  clusters  as  probes  for  high  temperature  PSPs. 

Our  preliminary  analyses  of  the  data  of  Table  1  reveal  that  the  emission  properties  are 
largely  relegated  to  the  [Re6Q8]2+  core  and  that  the  axial  ligands  perturb  this  emission  in  a  minor 
and  understandable  way  [3. 1.4.9].  In  the  long  run,  this  convenience  will  allow  us  to  tune  the 
physical  and  photophysical  properties  of  the  clusters  for  their  facile  incorporation  into  high 
temperature  PSP  binders  (e.g.,  porous  oxides  prepared  from  sol-gels).  Of  the  clusters  listed  in 
Table  1,  the  phosphine-  and  chloride-substituted  clusters,  [Re6Se8(PEt3)6]2+  and  [Re6S8Cl6]^, 
appear  to  best  be  suited  for  PSP  applications.  We  are  continuing  to  investigate  these  clusters  to 
acquire  a  deep  understanding  of  the  nonradiative  decay  pathways  of  these  probes.  On  the  basis  of 


Table  1.  Excited-State  parameters  for  the  hexanuclear  rhenium(III)  chalcogenide  clusters.3 


Cmpd  No.  Clusters 

Eem(103  cm-1) 

0eiT)d 

%(Rs) 

3 

[Re6S8Cl6](Bu4N)4 

13.27 

0.007 

5.1 

4 

[Re6S8Br6]  (Bi^NR 

12.85 

0.001 

3.9 

5 

[Re6S8I6](Bu4N)4c 

12.50 

0.001 

2.6 

6 

[Re6S8(PEt3)6]Br2 

13.90 

0.044 

10.0 

7 

[Re6Se8(PEt3)6]I2 

13.70 

0.068 

10.8 

8 

[Re6Seg(CH3CN)6](SbF6)2c 

14.40 

0.100 

14.8 

9 

[Re6Se8(Pyridine)6](SbF6)2c 

14.50 

0.163 

14.0 

10 

[Re6Se8(DMF)6](SbF6)2c 

14.70 

0.203 

18.9 

11 

[Re6Se8(DMSO)6](SbF6)2c 

15.10 

0.238 

22.4 

12 

tra«5-Re6Se8(PEt3)4I2 

13.40 

0.037 

5.4 

13 

cw-Re6Se8(PEt3)4I2 

13.30 

0.029 

6.0 

14 

Re6Se8(PEt3)5I(I) 

13.50 

0.085 

6.5 

15 

Re6S8(PEt3)5Br(Br) 

13.53 

0.043 

7.0 

16 

/nms-Re6Sg(PEt3)4Br2 

13.48 

0.008 

5.7 

17 

c/s-Re6S8(PEt3)4Br2 

13.33 

0.010 

4.8 

18 

mer-Re6Sg(PEt3)3Br3 

13.04 

0.019 

4.2 

a  Eem  is  the  corrected  emission  energy  maximum,  <J>em  the  quantum  yield  for  emission,  and  x0  the 
observed  luminescence  lifetime.  b  Parameters  measured  in  deoxygenated  CH2C12  at  23  ±  2  °C  unless 
otherwise  noted. c  Parameters  for  compounds  5,  8-11  were  measured  in  neat  or  excess  axial  ligand. d  Error 
in  quantum  yield  measurements  is  ±10%;  absorbances  of  all  solutions  were  <0.1. 


these  studies,  the  emission  properties  of  the  clusters  at  high  temperature  will  be  optimized  for 
PSP  implementation. 

Sensor  Materials  for  Vorticity  Measurements  of  Highly  Turbulent  Flows 

In  addition  to  pressure  sensing,  the  design  of  high  performance  aircraft  is  aided  by  the 
quantitative  measurement  of  highly  turbulent  flows  at  aerodynamic  surfaces.  State-of-the-art 
optical  techniques  for  measuring  fluid  flow  currently  rely  on  imaging  velocity  of  particles  (PIV). 
While  enormously  powerful,  the  PIV  technique  is  constrained  in  its  application  to  flows  at 
aerodynamic  surfaces  because  (1)  the  flow  is  highly  3-D  in  character  (PIV  measures  particle 
motion  within  a  sheet  of  laser  light  and  thus  cannot  accommodate  out-of-plane  motion),  (2) 
particles  have  their  own  inertia  and  they  therefore  may  not  faithfully  track  the  flow,  especially 
when  it  changes  suddenly  at  a  surface,  and  (3)  particles  do  not  go  into  the  critical  boundary  layer 
of  a  surface  or  in  areas  where  turbulence  is  high  -  two  important  regimes  in  aerodynamic  studies. 
In  response  to  the  challenge  of  providing  a  quantitative  measure  of  turbulent  flows  at  boundaries, 
we  have  invented  a  new  technique  called  Molecular  Tagging  Velocimetry  (or  MTV)  [3.1.4.10 
and  3.1.4.11 ],  which  allows  us  to  physically  sense  flow  by  precisely  describing  the  velocity 
profile  of  a  fluid.  In  the  MTV  experiment,  particles  are  replaced  with  optical  supramolecular 
tracers.  Since  the  supramolecules  are  part  of  the  flow  (they  are  molecularly  dissolved  within  the 
fluid),  all  the  problems  associated  with  particles  are  eliminated  in  the  MTV  technique.  The 
optical  supramolecules  are  dissolved  in  the  fluid  and  a  grid  of  laser  lines  is  imposed  upon  the 
flow  by  shining  a  laser  beam  off  of  a  grating  to  produce  a  glowing  grid,  defined  by  the 
luminescence  from  the  optical  supramolecule  tracer.  The  trace  must  exhibit  a  bright,  non- 
quenchable  luminescence,  which  is  sufficiently  long  lived  to  convect  with  the  flow  (|is  to  ms 
depending  on  the  fluids  problem).  The  deformation  of  the  grid  as  it  moves  with  the  flow  is 
recorded  with  a  CCD  camera.  By  measuring  the  distance  and  direction  each  grid  intersection 
travels  and  knowing  the  time  delay  between  each  image,  the  two  velocity  components  in  the  grid 
plane  may  be  determined  (the  out-of-plane  velocity  can  be  determined  with  a  second  CCD 
camera).  Parameters  important  to  the  fluid  physicist,  such  as  turbulence  intensities,  the  Reynolds 
stress  and  vorticity  may  be  calculated. 

The  special  properties  of  the  MTV  technique  permit  us  to  investigate  many  problems  of 
interest  to  the  Air  Force  that  previously  were  elusive  to  the  fluid  physicist.  One  important 
problem  is  the  measurement  of  the  velocimetry  flow  field  of  a  rotating  airfoil.  With  increasing 
attack  angle,  turbulence  at  the  front  or  leading  edge  of  the  airfoil  causes  the  flow  to  detach.  This 
situation  results  in  dynamic  stall  and  the  plane  looses  lift,  thereby  catastrophically  affecting  the 
flight  of  the  aircraft.  With  less  dire  consequences,  when  the  smooth  or  laminar  flow  over  a  wing 
becomes  turbulent,  the  drag  increases  thereby  resulting  in  losses  in  flying  efficiency.  The  leading 
edge  problem  is  uniquely  addressed  by  the  MTV  technique  owing  to  its  high  3-D  character  and 
large  range  of  spatial  and  temporal  scales.  Accordingly,  we  implemented  the  MTV  technique  in 
the  labs  of  Dr.  M.  M.  Koochesfahani  to  experimentally  examine  the  leading  edge  problem  for  the 
AFOSR  Engineering  Directorate  (AFOSR  F49620-95- 1-0391);  Dr.  Miguel  Visbal  of  the 


Figure  5.  Evolution  of  the 
vorticity  field  as  measured  by 
MTV  at  the  onset  of  leading  edge 
separation  on  an  airfoil  pitching  at 
high  angles  of  attack.  The  color 
scale  indicates  the  quantitative 
magnitude  of  vorticity.  Purple  in¬ 
dicates  the  most  intense  clockwise 
flow  and  red  indicates  the  most 
intense  counterclockwise  flow. 


Aeromechanics  Division,  Wright  Labs  Flight  Dynamics  Directorate,  had  previouly 
computationally  examined  the  problem  at  Wright  Patterson  Labs. 

Figure  5  represents  the  first  detailed  picture  of  a  flow  within  the  boundary  layer  near  the 
surface  of  a  pitching  airfoil  [3.1.4.12].  The  color  scale  indicates  the  quantitative  magnitude  of 
vorticity,  the  fundamental  parameter  of  turbulence;  purple,  blue  and  green  indicate  a  clockwise 
flow  and  yellow  and  red  indicate  a  counterclockwise  flow.  Among  the  many  details  resolved  in 
these  measurements  is  the  occurrence  of  a  thin  flow  traveling  in  the  reverse  direction  near  the 
airfoil  surface.  It  is  this  reverse  flow,  creeping  backwards  up  the  airfoil  that  causes  the  eruption 
of  the  boundary  layer  away  from  the  wing  in  a  highly  localized  manner  (both  spatial  and 
temporal).  These  results  point  the  way  toward  the  design  of  static  and  active  control  features  that 
can  minimize  the  reverse  flow,  thus  providing  a  road  map  to  the  design  of  safer  and  higher 
performance  aircraft. 
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